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! DYNAMIC !NTARCTIC )CE 3HEET DURING THE EARLY TO
MIDDLE -IOCENE
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 5NIVERSITY OF -ASSACHUSETTS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 -!  53! %ARTH AND %NVIRONMENTAL 3YSTEMS )NSTITUTE 0ENNSYLVANIA 3TATE
5NIVERSITY 3TATE #OLLEGE 0!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 53! '.3 3CIENCE !VALON ,OWER (UTT  .EW :EALAND
3UBMITTED TO 0ROCEEDINGS OF THE .ATIONAL !CADEMY OF 3CIENCES OF THE 5NITED 3TATES OF !MERICA
'EOLOGICAL DATA INDICATE THAT THERE WERE MAJOR VARIATIONS IN
!NTARCTIC ICE SHEET VOLUME AND EXTENT DURING THE EARLY TO MIDDLE
-IOCENE 3IMULATING SUCH LARGESCALE CHANGES IS PROBLEMATIC BE
CAUSE OF A STRONG HYSTERESIS EFFECT WHICH RESULTS IN STABLE ICE SHEETS
ONCE THEY HAVE REACHED CONTINENTAL SIZE ! RELATIVELY NARROW RANGE
OF ATMOSPHERIC #/ CONCENTRATIONS INDICATED BY PROXY RECORDS
EXACERBATES THIS PROBLEM (ERE WE ARE ABLE TO SIMULATE LARGESCALE
VARIABILITY OF THE -IOCENE !NTARCTIC ICE SHEET FOR THE lRST TIME DUE
TO THREE DEVELOPMENTS IN OUR MODELING APPROACH  7E USE A NEW
CLIMATEICE SHEET COUPLING METHOD USING A HIGHRESOLUTION ATMO
SPHERIC COMPONENT TO ACCOUNT FOR ICE SHEETCLIMATE FEEDBACKS 
4HE ICE SHEET MODEL INCLUDES RECENTLY PROPOSED MECHANISMS FOR
RETREAT INTO DEEP SUBGLACIAL BASINS CAUSED BY ICECLIFF FAILURE AND
ICESHELF HYDROFRACTURE  7E ACCOUNT FOR CHANGES IN THE OXYGEN
ISOTOPIC COMPOSITION OF THE ICE SHEET BY USING ISOTOPE ENABLED
CLIMATE AND ICE SHEET MODELS 7E COMPARE OUR MODELING RESULTS
WITH NEW ICEPROXIMAL RECORDS EMERGING FROM A SEDIMENTOLOGICAL
DRILL CORE FROM THE 2OSS 3EA !NDRILL!	 THAT IS PRESENTED IN
A COMPANION PAPER 4HE VARIABILITY IN !NTARCTIC ICE VOLUME WE
SIMULATE IS EQUIVALENT TO A SEAWATER OXYGEN ISOTOPE SIGNAL OF
ದ ಽ OR A SEA LEVEL EQUIVALENT CHANGE OF ದ M FOR A
RANGE OF ATMOSPHERIC #/ BETWEEN ದ PPM AND A CHANGING
ASTRONOMICAL CONlGURATION 4HIS RESULT REPRESENTS A SUBSTANTIAL
ADVANCE IN RESOLVING THE LONGSTANDING MODELDATA CONmICT OF
-IOCENE !NTARCTIC ICE SHEET AND SEA LEVEL VARIABILITY
-IOCENE | !NTARCTIC ICE SHEET | OXYGEN ISOTOPES | SEA LEVEL
#PUI EJSFDU BOE JOEJSFDU FWJEFODF JOEJDBUFT UIBU UIF "OUBSDUJD
JDF TIFFU FYIJCJUFE NBKPS WBSJBUJPO JO WPMVNF BOE FYUFOU EVSJOH
UIF FBSMZ UP NJEEMF .JPDFOF 	ದ NJMMJPO ZFBST BHP .B

*OEJSFDU FWJEFODF GPS B DIBOHF JO "OUBSDUJD JDF WPMVNF DPNFT
GSPN ˡ0 SFDPSET PG CFOUIJD GPSBNJOJGFSB >ದ> BOE TFBMFWFM
JOEJDBUPST >ದ> "MUIPVHI UIF CFOUIJD ˡ0 SFDPSE DPOUBJOT B
NJYFE TJHOBM PG JDF WPMVNF BOE PDFBO UFNQFSBUVSF BUUFNQUT UP
JTPMBUF UIF JDF WPMVNF DPNQPOFOU TIPX WBSJBCJMJUZ FRVJWBMFOU UP
UIF MPTT PG CFUXFFO  >> BOE  >> PG UIF NPEFSO
"OUBSDUJD JDF TIFFU " TJNJMBS NBHOJUVEF PG WBSJBCJMJUZ JT JOEJDBUFE
CZ TFB MFWFM FTUJNBUFT >ದ> 5IJT NBZ SFQSFTFOU QFSJPET PG JDF
BEWBODF XJUI WPMVNFT HSFBUFS UIBONPEFSO BOE QFSJPET PG SFUSFBU
XJUI TJHOJGJDBOU 	CVU OPU DPNQMFUF
 MPTT PG JDF
%JSFDU FWJEFODF PG UIF .JPDFOF "OUBSDUJD FOWJSPONFOU DBO
CF GPVOE JO PDFBO TFEJNFOUT ESJMMFE BU TJUFT QSPYJNBM UP UIF JDF
TIFFU TVDI BT UIF "OESJMM " 	"/%"
 ESJMM DPSF JO UIF TPVUIFSO
.D.VSEP 4PVOE SFHJPO PG UIF 3PTT 4FB 	TFF DPNQBOJPO QBQFS

5IFTF SFDPSET TIPX XBSNFS DPOEJUJPOT JO UIF 3PTT 4FB SFHJPO
EVSJOH UIF NJEEMF .JPDFOF DMJNBUJD PQUJNVN XJUI TVNNFS BU
NPTQIFSJD UFNQFSBUVSFT PG ฏ ə$ BOE BOOVBM NFBO TFBTVSGBDF
UFNQFSBUVSFT CFUXFFO ದ ə$ >> %VSJOH UIFTF XBSNFS
JOUFSWBMT UIF JDF TIFFU NBSHJOT SFUSFBUFE JOMBOE >> BOE UVOESB
WFHFUBUJPO HSFX PO JDFGSFF UFSSBJO >> %VSJOH DPME JOUFSWBMT
UIF JDF TIFFU FYQBOEFE XJUI HSPVOEFE JDF FYUFOEJOH JOUP UIF3PTT
4FB CBTJOT CFZPOE UIF "/%" ESJMM TJUF >>
*NQPSUBOUMZ QSPYZ SFDPOTUSVDUJPOT PG BUNPTQIFSJD $0 DPO
DFOUSBUJPOT UISPVHI UIJT JOUFSWBM JNQMZ UIBU UIJT WBSJBCJMJUZ PD
DVSSFE JO B SFMBUJWFMZ OBSSPX SBOHF GSPN DMPTF UP PS TMJHIUMZ CFMPX
QSFJOEVTUSJBM MFWFMT >ದ> UP NBYJNVN DPODFOUSBUJPOT PG POMZ
ฏ QQN >>
4JNVMBUJOH TVDI MBSHFTDBMF WBSJBCJMJUZ PG UIF "OUBSDUJD JDF
TIFFU XJUI UIJT OBSSPX SBOHF PG BUNPTQIFSJD $0 IBT QSPWFE
QSPCMFNBUJD >> 5IJT JT EVF UP B TUSPOH IZTUFSFTJT XIJDI MJNJUT
SFUSFBU GSPN B GVMMZ HMBDJBUFE TUBUF VOUJM TVSGBDF UFNQFSBUVSFT
IBWF JODSFBTFE CZ ದ ə$ >> PS BUNPTQIFSJD $0 IBT SFBDIFE
ದ QQN > > TFF BMTP 4VQQPSUJOH *OGPSNBUJPO 5IJT
IZTUFSFTJT PDDVST CFDBVTF PG TVSGBDF FMFWBUJPONBTT CBMBODF GFFE
CBDL BT B SFTVMU PG UIF BUNPTQIFSJD MBQTF SBUF >> BOE JT GVSUIFS
TUSFOHUIFOFE CZ BMCFEP GFFECBDL >> BOE QPTTJCMZ UIF DPPMJOH
FGGFDU PG UIF JDF TIFFU PO UIF TVSSPVOEJOH 4PVUIFSO 0DFBO >>
3FDFOU FGGPSUT BU SFTPMWJOH UIF "OUBSDUJD IZTUFSFTJT QSPCMFN
IBWF GPDVTFE PO UIF NBSJOFCBTFE SFHJPOT PG UIF JDF TIFFUT
>> 5IJT XPSL IBT CFFO TUJNVMBUFE JO QBSU CZ FWJEFODF GPS
NBKPS SFUSFBU JOUP UIF 8JMLFT 4VCHMBDJBM #BTJO EVSJOH XBSNFS
JOUFSWBMT PG UIF NJEEMF 1MJPDFOF >> BOE UIF OFFE UP FYQMBJO
UIF BMCFJU VODFSUBJO  s N NJEEMF 1MJPDFOF TFB MFWFM IJHI
TUBOE >> "EEJUJPOBMMZ UIF NBSJOFCBTFE JDF TIFFU SFHJPOT
BSF UIPVHIU UP CF NPSF TFOTJUJWF UP DMJNBUF DIBOHFT UIBO UIF
UFSSFTUSJBMCBTFE SFHJPOT CFDBVTF PG JOTUBCJMJUZ NFDIBOJTNT UIBU
BDU POMZ PO NBSJOFCBTFE JDF QBSUJDVMBSMZ XIFSF UIF JDF TJUT
PO SFWFSTFTMPQFE CFET >> )PXFWFS POMZ B UIJSE PG UIF
NPEFSO "OUBSDUJD JDF TIFFU JT NBSJOFCBTFE >> XIJDI TVHHFTUT
UIBU UIF WBSJBCJMJUZ EVSJOH UIF .JPDFOF BMTP JODMVEFE DIBOHFT JO
UFSSFTUSJBM JDF TIFFU FYUFOU
&WJEFODF PG HSPVOEFE JDF JO UIF XFTUFSO 3PTT 4FB EVSJOH
UIF .JPDFOF QSPWJEFT BOPUIFS NPEFMJOH DIBMMFOHF 4JNVMBUJOH B
MBSHF HSPVOEFE 8FTU "OUBSDUJD JDF TIFFU UZQJDBMMZ SFRVJSFT -BTU
(MBDJBM .BYJNVNMJLF DPOEJUJPOT XJUI MPX BUNPTQIFSJD $0
PG ∼ QQN DPME PDFBO UFNQFSBUVSFT BOE MPXFSFE TFB MFWFM
3IGNIlCANCE
!TMOSPHERIC CONCENTRATIONS OF CARBON DIOXIDE ARE PROJECTED
TO EXCEED  PPM IN THE COMING DECADES )T IS LIKELY THAT
THE LAST TIME SUCH LEVELS OF ATMOSPHERIC #/ WERE REACHEDWAS DURING THE -IOCENE FOR WHICH THERE IS GEOLOGIC DATA
FOR LARGESCALE ADVANCE AND RETREAT OF THE !NTARCTIC ICE SHEET
4HIS IS SOMETHING THAT ICE SHEET MODELS HAVE STRUGGLED TO
REPLICATE BECAUSE OF A STRONG HYSTERESIS EFFECT (ERE A NUMBER
OF DEVELOPMENTS IN OUR MODELING APPROACH MEAN THAT WE ARE
ABLE TO SIMULATE LARGESCALE VARIABILITY OF THE-IOCENE!NTARCTIC
ICE SHEET FOR THE lRST TIME /UR RESULTS ARE ALSO CONSISTENT WITH
A RECENTLY RECOVERED SEDIMENTOLOGICAL RECORD FROM THE 2OSS 3EA
PRESENTED IN A COMPANION PAPER
2ESERVED FOR 0UBLICATION &OOTNOTES
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&IG  3CHEMATIC OF MODEL COUPLING PROCEDURE SHOWING VARIABLES PASSED
BETWEEN MODELS AND TIMESTEP OF COUPLINGS
BMMPXJOH HSPVOEJOH MJOFT UP BEWBODF TFBXBSE UP UIF DPOUJOFOUBM
TIFMG CSFBL 4VDI MPX BUNPTQIFSJD $0 JT CFMPX UIF HMBDJBM UISFTI
PME GPS NBKPS /PSUIFSO )FNJTQIFSF HMBDJBUJPO >> CVU UIFSF JT
MJNJUFE FWJEFODF GPS TVDI NBKPS /PSUIFSO )FNJTQIFSF HMBDJBUJPO
EVSJOH UIF .JPDFOF >> NBLJOH UIF DPOEJUJPOT GPS TJNVMBUJOH
HSPVOEFE JDF JO UIF XFTUFSO 3PTT 4FB QSPCMFNBUJD
1FSJPET XJUI HSPVOEFE JDF BSF JEFOUJGJFE JO UIF "/%"
SFDPSE BT EJTDPOGPSNJUJFT XIFO UIF BEWBODJOH JDF TIFFU FSPEFE
NBUFSJBM BU UIF TJUF 'PVS TVDI FQJTPEFT PDDVSSFE EVSJOH UIF
FBSMZ UP NJEEMF .JPDFOF BOE DPSSFMBUF XJUI CFOUIJD ˡ0 BOE
TFB MFWFM SFDPSET TVQQPSUJOH JODSFBTFE JDF WPMVNF "EEJUJPOBMMZ
UIFTF JDF BEWBODFT DPSSFMBUF XJUI MPXT JO BUNPTQIFSJD $0 BOE
EFDSFBTJOH CPUUPN XBUFS UFNQFSBUVSFT 3FHJPOBM TFJTNJD EBUB
QSPWJEF TVQQPSUJOH FWJEFODF UIBU UIF8FTU "OUBSDUJD JDF TIFFU XBT
QFSJPEJDBMMZ HSPVOEFE UPXBSET UIF 3PTT 4FB TIFMG FEHF EVSJOH UIF
NJEEMF .JPDFOF >>
*O UIF DPNQBOJPO QBQFS EJGGFSFOU FOWJSPONFOUBM NPUJGT BSF
JEFOUJGJFE GSPN UIF "/%" TFEJNFOU DPSF IFSF XF BUUFNQU
UP TJNVMBUF UIFTF EJGGFSFOU FOWJSPONFOUBM NPUJGT *O BEEJUJPO XF
BUUFNQU UP TJNVMBUF UIFNBHOJUVEF PG JDF WPMVNF WBSJBCJMJUZ UIBU JT
TVHHFTUFE GSPN JOEJSFDU QSPYZ FWJEFODF XIJMTU VTJOH BQQSPQSJBUF
.JPDFOF CPVOEBSZ DPOEJUJPOT
2ESULTS
$IBOHFT JO JDF TIFFU FYUFOU DBO BGGFDU UIF TVSGBDF DMJNBUF CF
DBVTF PG DIBOHFT JO FMFWBUJPO TVSGBDF BMCFEP BOE MBSHFTDBMF
DJSDVMBUJPO DIBOHFT >> 7BSJPVT NFUIPET GPS BDDPVOUJOH GPS
UIFTF GFFECBDLT BSF EJTDVTTFE JO >> BOE CSJFGMZ JO UIF 4VQQPSUJOH
*OGPSNBUJPO )FSF UP BDDPVOU GPS JDF TIFFUDMJNBUF GFFECBDLT
DBVTFE CZ BMCFEP DIBOHFT DIBOHFT JO WFHFUBUJPO BOE BUNP
TQIFSJD DJSDVMBUJPO DIBOHFT XF VTF B IJHI SFTPMVUJPO DMJNBUF
GPSDJOH GSPN BO BTZODISPOPVTMZ DPVQMFE 3FHJPOBM $MJNBUF.PEFM
	3$.
 FNCFEEFE JO B ($. 	'JHVSF 
 5IF ($. JT PYZHFO
JTPUPQF FOBCMFE BOE JODMVEFT B WFHFUBUJPO NPEFM UP BDDPVOU
GPS WFHFUBUJPOBMCFEP GFFECBDLT 4JNVMBUJPOT BSF BMTP QFSGPSNFE
XJUIPVU DMJNBUF GFFECBDLT UP EFUFSNJOF UIF JNQBDU PG JODMVEJOH
UIFTF GFFECBDLT PO UIF SFTVMUT 	TFF .FUIPET BOE .BUFSJBMT

.JPDFOF DPMEFS JOUFSWBM TJNVMBUJPOT &OENFNCFS DMJNBUF
JDF TIFFU TJNVMBUJPOT XFSF QFSGPSNFE GPS .JPDFOF ಫDPMEFSಬ BOE
ಫXBSNFSಬ DMJNBUF JOUFSWBMT 5IF DPMEFS DMJNBUF GPSDJOH IBT BU
NPTQIFSJD $0 DPODFOUSBUJPOT PG  QQN BOE BO BTUSPOPNJDBM
DPOGJHVSBUJPO GBWPSBCMF GPS "OUBSDUJD HMBDJBUJPO 	MPX PCMJRVJUZ
IJHI FDDFOUSJDJUZ QFSJIFMJPO EVSJOH CPSFBM TVNNFS

5IF CFESPDL UPQPHSBQIZ JT BO JNQPSUBOU NPEFM CPVOEBSZ
DPOEJUJPO UIBU BGGFDUT JDF TIFFU TUBCJMJUZ CFDBVTF PG NBSJOF JOTUB
CJMJUJFT BOE JDFDMJGG GBJMVSF >> )PXFWFS "OUBSDUJD CFESPDL
UPQPHSBQIZ JT QPPSMZ DPOTUSBJOFE GPS UIF .JPDFOF 5IF "OUBSDUJD
CFESPDL UPQPHSBQIZ IBT DIBOHFE UISPVHI UJNF EVF JO QBSU UP
UFDUPOJDT EZOBNJD UPQPHSBQIZ DPOUJOFOUBM TIFMG QSPHSBEBUJPO
BOE HMBDJBM FSPTJPO GPMMPXJOH DPOUJOFOUBM HMBDJBUJPO BDSPTT UIF
&PDFOF0MJHPDFOF USBOTJUJPO >> 5IF BNPVOU PG NBUFSJBM
SFNPWFE GSPN UIF DPOUJOFOU DBO CF MPPTFMZ DPOTUSBJOFE CZ WPM
VNFT PG 0MJHPDFOF BOE ZPVOHFS TFEJNFOUT EFQPTJUFE PGGTIPSF
PG UIF DPOUJOFOU 8JMTPO FU BM >> VTFE UIJT BT B CBTJT GPS UIFJS
UPQPHSBQIJD SFDPOTUSVDUJPO GPS UIF &PDFOF0MJHPDFOF USBOTJUJPO
"T UP PVS LOPXMFEHF OP SFDPOTUSVDUFE UPQPHSBQIZ GPS UIF
.JPDFOF DVSSFOUMZ FYJTUT XF DSFBUFE B NJEEMF .JPDFOF UPQPHSB
QIZ CZ TDBMJOH CFUXFFO UIF FBSMJFS &PDFOF0MJHPDFOF UPQPHSBQIZ
>> BOE UIF JTPTUBUJDBMMZ SFCPVOEFE 	JDFGSFF
 NPEFSO UPQPHSB
QIZ >> BTTVNJOH DPOTUBOU SBUFT PG MBOETDBQF FWPMVUJPO GSPN
 .B UP UPEBZ "O BMUFSOBUJWF WJFX JT UIBU UIF "OUBSDUJD JDF
TIFFU IBE TUBCJMJ[FE CZ  .B >> JNQMZJOH UIBU UIF NBKPSJUZ PG
HMBDJBM FSPTJPO IBE BMSFBEZ PDDVSSFE CZ UIJT UJNF >> BOE UIBU UIF
CFESPDL UPQPHSBQIZ NBZ IBWF CFFO TJNJMBS UP NPEFSO BGUFS UIF
NJEEMF .JPDFOF &YQFSJNFOUT XFSF QFSGPSNFE GPS UXP CFESPDL
UPQPHSBQIZ TDFOBSJPT POF JT UIF NPEFSO CFESPDL UPQPHSBQIZ
	4DFOBSJP "
 BOE UIF TFDPOE JT BO BQQSPYJNBUJPO PG UIF .JPDFOF
CFESPDL UPQPHSBQIZ 	4DFOBSJP #
 5IF EJGGFSFODFT JO CBUIZNFUSZ
BSF TIPXO JO 'JH  XJUI UPQPHSBQIJD NBQT BOE TFOTJUJWJUZ UFTUT
GPS B SBOHF PG PUIFS UPQPHSBQIJFT JO 4VQQPSUJOH *OGPSNBUJPO
'PS UIF DPMEFS DMJNBUF TJNVMBUJPOT UIF EJGGFSFOU CFESPDL
UPQPHSBQIJFT IBWF B MBSHF JNQBDU PO UIF SFTVMUJOH JDF TIFFU 	TFF
'JH  $ BOE % BOE 5BCMF 
 5PUBM JDF WPMVNFT WBSZ CFUXFFO
ದ  LN GPS 4DFOBSJP " BOE # SFTQFDUJWFMZ PS ದ
N TFB MFWFM FRVJWBMFOU 	NTM
 5IF TIBMMPXFS CBUIZNFUSZ JO UIF
8FTU "OUBSDUJD GPS 4DFOBSJP # BMMPXT B MBSHF UFSSFTUSJBM JDF TIFFU
UP GPSN 	 NTM
 XIJDI TVQQPSUT UIF GVSUIFS FYQBOTJPO PG UIF
&BTU "OUBSDUJD JDF TIFFU 0OMZ 4DFOBSJP # IBT HSPVOEFE JDF BU UIF
TJUF PG "/%" BOE FYUFOEJOH UP UIF DPOUJOFOUBM TIFMG CSFBL 'PS
4DFOBSJP " UIFSF BSF JDF TIFMWFT JO UIF3PTT 4FB BOE UIF HSPVOEJOH
MJOF JT WFSZ DMPTF UP JUT NPEFSO QPTJUJPO TFWFSBM IVOESFE LN GSPN
UIF "/%" TJUF
.JPDFOF XBSNFS JOUFSWBM TJNVMBUJPOT 'PS UIF XBSNFS DMJ
NBUF TJNVMBUJPOT BUNPTQIFSJD $0 DPODFOUSBUJPOT BSF JODSFBTFE
UP  QQN BOE BO BTUSPOPNJDBM DPOGJHVSBUJPO GBWPSBCMF GPS
"OUBSDUJD EFHMBDJBUJPO JT VTFE 	IJHI PCMJRVJUZ IJHI FDDFOUSJDJUZ
QFSJIFMJPO EVSJOH BVTUSBM TVNNFS
 "MUIPVHI .JPDFOF BUNP
TQIFSJD $0 BQQFBST QPPSMZ DPOTUSBJOFE JG BMM QVCMJTIFE FTUJNBUFT
BOE QSPYZNFUIPET BSF DPOTJEFSFE TPNF PG UIFTFNFUIPET BOE FT
UJNBUFT IBWF CFFO TVCTFRVFOUMZ EJTDSFEJUFE >> "EEJUJPOBMMZ UIF
MPX UFNQPSBM SFTPMVUJPO PG UIF NBKPSJUZ PG UIFTF SFDPSET NBZ OPU
GVMMZ DBQUVSF BTUSPOPNJDBMMZ QBDFE DIBOHFT JO BUNPTQIFSJD $0>> XIJDI NBZ CF JOEJDBUFE CZ IJHI UFNQPSBM SFTPMVUJPO DBSCPO
JTPUPQF SFDPSET >> 8IJMTU BDLOPXMFEHJOH UIFTF VODFSUBJOUJFT
UIFSF JT B HSPXJOH DPOTFOTVT UIBU BUNPTQIFSJD $0 WBSJFE CF
UXFFO ಧ QQN EVSJOH UIF .JPDFOF >> #FDBVTF
UIFSF JT BU MFBTU POF FTUJNBUF PG NJE.JPDFOF $0 BT IJHI BT
∼ QQN >> XF QFSGPSN BO BEEJUJPOBM IJHI $0 TJNVMBUJPO
XJUI BUNPTQIFSJD $0 PG  QQN
*O BEEJUJPO UP DIBOHFT JO BUNPTQIFSJD $0 DPODFOUSBUJPOT
BOE UIF BTUSPOPNJDBM DPOGJHVSBUJPO UIF XBSNFS DMJNBUF TJNVMB
UJPOT IBWF  ə$ PG JNQPTFE PDFBOXBSNJOH SFMBUJWF UP NPEFSO
5IJT PDFBO XBSNJOH JT DPOTFSWBUJWFMZ CBTFE PO UIF MPXFS FOE
PG SFDPOTUSVDUFE UFNQFSBUVSFT BU "/%" JO UIF DPNQBOJPO
QBQFS 5IF XBSNFS JOUFSWBM JDF TIFFU TJNVMBUJPOT XFSF QFSGPSNFE
TUBSUJOH GSPN B GVMMZ HMBDJBUFE TUBUF 	GSPN UIF FOE PG UIF DPMEFS
DMJNBUF TJNVMBUJPOT
 JO PSEFS UP JOWFTUJHBUF JDF TIFFU IZTUFSFTJT
-JLF UIF DPMEFS JOUFSWBM TJNVMBUJPOT XBSNFS JOUFSWBM TJNVMBUJPOT
XFSF BMTP QFSGPSNFE PO UXP EJGGFSFOU CFESPDL UPQPHSBQIJFT 'PS
4DFOBSJP " VTJOH NPEFSO CFESPDL UPQPHSBQIZ UIFSF JT NBKPS
SFUSFBU JOUP UIF TVCHMBDJBM CBTJOT PO &BTU "OUBSDUJDB 	'JH &

5IF .JPDFOF CFESPDL UPQPHSBQIZ VTFE GPS 4DFOBSJP # IBT NVDI
TIBMMPXFSNBSJOF CBTJOT "T B SFTVMU UIFSF JT NVDI SFEVDFE SFUSFBU
JOUP UIF &BTU "OUBSDUJD CBTJOT GPS 4DFOBSJP # XJUI POMZ NPEFTU
SFUSFBU JOUP UIF 3FDPWFSZ (MBDJFS BOE UIF8JMLFT 4VCHMBDJBM #BTJO
	'JH '

5IF TUSPOH TFOTJUJWJUZ TIPXO CZ UIF JDF TIFFU NPEFM UP UIFTF
EJGGFSFODFT JO CFESPDL UPQPHSBQIZ JT NBJOMZ B SFTVMU PG UXP NFDI
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&IG  )CE SHEET THICKNESS IN RESPONSE TO DIFFERENT CLIMATE FORCING 4HE TOP ROW 3CENARIO !	 USES THE MODERN "EDMAP BEDROCK TOPOGRAPHY THE
LOWER ROW 3CENARIO "	 USES APPROXIMATE MID -IOCENE BEDROCK TOPOGRAPHY 4HE DIFFERENCES IN BATHYMETRY BETWEEN THESE TWO SCENARIOS ARE SHOWN WILL
DETAILED TOPOGRAPHIC MAPS INCLUDED IN 3UPPORTING )NFORMATION -IOCENE COLDER INTERVAL SIMULATIONS HAVE ATMOSPHERIC #/ OF  PPM AND AN ASTRONOMICAL
CONlGURATION FAVORABLE FOR !NTARCTIC GLACIATION LOW OBLIQUITY HIGH ECCENTRICITY PERIHELION DURING BOREAL SUMMER	 -IOCENE WARMER INTERVAL SIMULATIONS
HAVE ATMOSPHERIC #/ OF  PPM AND AN ASTRONOMICAL CONlGURATION FAVORABLE FOR !NTARCTIC DEGLACIATION HIGH OBLIQUITY HIGH ECCENTRICITY PERIHELION DURING
AUSTRAL SUMMER	 AND  ə# OF OCEAN WARMING (IGH #/ SIMULATIONS ARE AS THE WARMER CLIMATE SIMULATIONS BUT WITH ATMOSPHERIC #/ RAISED TO  PPM !LL
SIMULATIONS INCLUDE CLIMATEICE SHEET FEEDBACKS 4HE RED STARS MARK THE LOCATION OF THE !.$! CORE SITE
4ABLE  )CE VOLUME SEA LEVEL EQUIVALENCE AND OXYGEN ISOTOPES 3CENARIO ! USES MODERN TOPOGRAPHY 3CENARIO " USES APPROXIMATE MID
-IOCENE TOPOGRAPHY HIGH ECCENTRICITY 	 IS USED FOR ALL SIMULATIONS 3EA LEVELS ARE CALCULATED FOR ICE ABOVE mOATATION 0EAK 3EA
3URFACE 4EMPERATURES 334	 AND PEAK ,AND !IR 4EMPERATURES ,!4	 ARE THE MEAN OF THE  WARMEST MONTHS AT THE SITE OF OR LAND
PROXIMAL TO !.$! #OOLER CLIMATE SIMULATIONS DO NOT HAVE OPENWATER AT SITE OF !.$! OR PROXIMAL ICEFREE LAND
3CENARIO ! 3CENARIO "
EXPERIMENT COLDER CLIMATE WARMER CLIMATE HIGH #/ COLDER CLIMATE WARMER CLIMATE HIGH #/
#/ PPM      
PRECESSION ə      
OBLIQUITY ə      
ICE VOLUME KM      
SEA LEVEL M      
ˡ/ICEಽ      
ˡ/SWಽ      
ˡ/SW  M      
PEAK 334 ə#      
PEAK ,!4 ə#      
BOJTNT "U UIF HSPVOEJOH MJOF JDF GMPX JT TUSPOHMZ EFQFOEFOU PO
JDF UIJDLOFTT >> NFBOJOH UIBU SVOBXBZ SFUSFBU DBO PDDVS JG UIF
CFE EFFQFOT VQTUSFBN PG UIF HSPVOEJOH MJOF >> "EEJUJPOBMMZ
UIF JDF TIFFU NPEFM JODMVEFT B NFDIBOJTN GPS UIF TUSVDUVSBM
GBJMVSF PG MBSHF JDF DMJGGT UIBU BSF OPU TVQQPSUFE CZ JDF TIFMWFT
>> 7VMOFSBCMF JDF DMJGGT DBO GPSN CFDBVTF PG UIF SFNPWBM PG
JDF TIFMWFT JO XBSNFS DMJNBUF TJNVMBUJPOT BT B SFTVMU PG JDF TIFMG
IZESPGSBDUVSF *O UIF NPEFM JDF DMJGG GBJMVSF DBO POMZ PDDVS XIFO
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&IG  4IMESERIES OF ICE SHEET RESPONSE TO WARMER
CLIMATE FORCING SHOWN AS SEA LEVEL EQUIVALENT VALUES
FOR 3CENARIOS ! AND " "LUE LINES ARE FOR  PPM #/
SIMULATION RED LINES ARE FOR  PPM #/ SIMULATION
$ASHED LINES ARE WITHOUT CLIMATE FEEDBACK 'RAY DOTS
SHOW'#- SIMULATION AND BLACK CIRCLES SHOW 2#- SIM
ULATIONS AND SUBSEQUENT COUPLING TO ICE SHEET MODEL
UIF JDF DMJGG IFJHIU SFBDIFT ฏN JO XBUFS EFQUIT PG ฏN >>
5IJT GPMMPXT FBSMJFS XPSL PO UIFNBYJNVNIFJHIU UIBU JDF DMJGGT DBO
SFBDI CFGPSF GBJMJOH TUSVDUVSBMMZ >> 'PS UIF.JPDFOF UPQPHSBQIZ
XJUI TIBMMPXFS NBSJOF CBTJOT JO &BTU "OUBSDUJDB UIJT DPOEJUJPO
JT SBSFMZ SFBDIFE "T UIF .JPDFOF CFESPDL UPQPHSBQIZ JT IJHIMZ
VODFSUBJO XF UFTU B WBSJFUZ PG EJGGFSFOU SFDPOTUSVDUFE CFESPDL
UPQPHSBQIJFT JO 4VQQPSUJOH *OGPSNBUJPO "MUIPVHI MPDBUJPOT PG
SFUSFBU EJGGFS CFUXFFO UIF EJGGFSFOU UPQPHSBQIJFT UIF UPUBM JDF
WPMVNF DIBOHF CFUXFFO UIF DPME BOE XBSNFS DMJNBUF TJNVMBUJPOT
JT TJNJMBS 	'JH 
 CFDBVTF PG B MBSHFS JOJUJBM 8FTU "OUBSDUJD JDF
TIFFU DPNQFOTBUJOH GPS SFEVDFE SFUSFBU PG UIF &BTU "OUBSDUJD
JDF TIFFU 8F BMTP QFSGPSN UFTUT UP EFUFSNJOF UIF JNQPSUBODF
PG JDF DMJGG GBJMVSF BOE JDF TIFMG IZESPGSBDUVSF CZ SFQFBUJOH UIF
TJNVMBUJPOT XJUIPVU UIFTF NFDIBOJTNT FOBCMFE JO UIF NPEFM 	TFF
4VQQPSUJOH *OGPSNBUJPO

8F OFYU DPOTJEFS IPX DIBOHFT JO JDF TIFFU ˡ0 	ˡ0JDF

EVF UP DIBOHJOH DMJNBUF BOE JDF TIFFU HFPNFUSZ NBZ BGGFDU PVS
JOUFSQSFUBUJPO PG UIF CFOUIJD ˡ0 SFDPSE >> 8F VTF BO JTPUPQF
FOBCMFE WFSTJPO PG UIF ($. >> UP EFUFSNJOF UIF ˡ0 PG
QSFDJQJUBUJPO GBMMJOH PWFS UIF JDF TIFFU XIJDI JT UIFO USBDLFE
XJUIJO UIF JDF TIFFU UP EFUFSNJOF UIF JDF TIFFUಬT BWFSBHF JTPUPQJD
DPNQPTJUJPO >> 'PS UIF XBSNFS DMJNBUF TJNVMBUJPOT UIF PYZHFO
JTPUPQF DPNQPTJUJPO PG QSFDJQJUBUJPO JT IFBWJFS UIBO GPS UIF DPMEFS
DMJNBUF TJNVMBUJPOT 	4VQQPSUJOH *OGPSNBUJPO
 5IJT SFTVMUT JO B
NFBO JDF TIFFU ˡ0JDF PG  BOE  ಽ GPS 4DFOBSJPT " BOE #
DPNQBSFE XJUI JTPUPQJDBMMZ MJHIUFS WBMVFT PG  BOE  ಽ GPS
UIF DPMEFS DMJNBUF TJNVMBUJPOT 5IF EJGGFSFODF JO TFBXBUFS ˡ0
	ˡ0TX
 CFUXFFO UIF DPMEFS BOE XBSNFS DMJNBUF TJNVMBUJPOT JT
 ಽ GPS 4DFOBSJP " BOE  ಽ GPS 4DFOBSJP # CFDBVTF PG B
DPNCJOFE DIBOHF JO JDF WPMVNF BOENFBO ˡ0JDF PG UIF JDF TIFFU
5IF ˡ0TX TJHOBM NPEFMFE IFSF JT HSFBUFS UIBO JG UIF DPNNPOMZ
VTFE GBDUPS PG  ಽ QFS  NTM XFSF VTFE >> 5IFSFGPSF UIF
JDF WPMVNF DIBOHF SFRVJSFE UP FYQMBJO UIF PYZHFO JTPUPQF SFDPSE
GSPN CFOUIJD GPSBNJOJGFSB JT MPXFS UIBO QSFWJPVT FTUJNBUFT >>
5IJT TBNF SFBTPOJOH IBT CFFO VTFE UP TVHHFTU B SFEVDFE JDF
WPMVNF DIBOHF GPS UIF NJE1MJPDFOF >>
" IJHI $0 TJNVMBUJPO XBT BMTP QFSGPSNFE XJUI BUNPTQIFSJD
$0 PG  QQN XIJDI JT IJHIFS UIBO NPTU QSPYZ FTUJNBUFT PG
BUNPTQIFSJD $0 EVSJOH UIF .JPDFOF 5IF IJHI $0 TJNVMBUJPO
NBZ BMTP BDDPVOU GPS UIF QPUFOUJBM JNQBDU PG OPO$0 SBEJB
UJWF GPSDJOH EVSJOH QBTU XBSNFS JOUFSWBMT CFDBVTF PG JODSFBTFE
NFUIBOF DPODFOUSBUJPOT PS PUIFS DIFNJDBM GFFECBDLT >> XIJDI
BSF OPU DIBOHFE GSPN QSFJOEVTUSJBM JO PVS TJNVMBUJPOT 'PS FY
BNQMF UIF FRVJWBMFOU SBEJBUJWF GPSDJOH PG  QQN $0 	
8N
 DBO CF BDIJFWFE XJUI BUNPTQIFSJD $0 PG ದ QQN
BOE NFUIBOF DPODFOUSBUJPOT PG ದ QQC 5IJT FMFWBUFE
SBEJBUJWF GPSDJOH JT BMTP OFDFTTBSZ UP QSPEVDF UIF XBSN IJHI
MBUJUVEF UFNQFSBUVSFT TIPXO CZ QSPYZ SFDPOTUSVDUJPOT GPS UIF
NJE.JPDFOF DMJNBUJD PQUJNVN XIFO VTJOH B NPEFSO BTUSPOPN
JDBM DPOGJHVSBUJPO 	4VQQPSUJOH *OGPSNBUJPO
 TJNJMBS SFTVMUT XFSF
GPVOE JO BO FBSMJFS ($. TUVEZ PG UIF NJE.JPDFOF >> )PX
FWFS IJHIMBUJUVEF 4PVUIFSO )FNJTQIFSF UFNQFSBUVSFT UIBU BSF
DPOTJTUFOU XJUI QSPYZ SFDPSET DBO BMTP CF BDIJFWFE XJUI MPXFS $0
PG  QQN JG UIFSF JT B TMJHIU JODSFBTF JO UIF 4PVUIFSO 0DFBO IFBU
GMVY >> BOE B XBSN BVTUSBM BTUSPOPNJDBM DPOGJHVSBUJPO JT VTFE
8JUI UIJT JODSFBTFE SBOHF PG .JPDFOF $0 	ದ QQN

UIF UPUBM "OUBSDUJD JDF TIFFU WBSJBCJMJUZ JODSFBTFT UP  BOE  NTM
GPS 4DFOBSJPT " BOE # SFTQFDUJWFMZ 5IJT WBSJBCJMJUZ JT FRVJWBMFOU
UP B DIBOHF JO ˡ0TX PG CFUXFFO  BOE  ಽ 5IF CFESPDL
UPQPHSBQIZ JT BHBJO JNQPSUBOU JO EFUFSNJOJOH UIF NBHOJUVEF PG
&BTU "OUBSDUJD JDF TIFFU SFUSFBU GPS UIF IJHI $0 FYQFSJNFOUT
	'JH ( BOE )

5IF JNQBDU PG JODMVEJOH TIFFUDMJNBUF GFFECBDLT UISPVHI UIF
BTZODISPOPVT 3$. DMJNBUF DPVQMJOH DBO CF TFFO CZ DPNQBSJOH
TJNVMBUJPOT XJUIPVU UIFTF GFFECBDLT 	'JH 
 8JUIPVU DMJNBUF
GFFECBDL SFUSFBU POMZ PDDVST JO UIF TVCHMBDJBM CBTJOT XJUI SFUSFBU
PG UIF UFSSFTUSJBM JDF TIFFU SFTUSJDUFE CZ UIF TUSPOH IZTUFSFTJT *O
DMVEJOH DMJNBUF GFFECBDLT QSPEVDFT TPNF BEEJUJPOBM SFUSFBU BU UIF
NBSHJOT PG UIF UFSSFTUSJBM JDF TIFFU 5IF BTZODISPOPVT DPVQMJOH
IBT B MBSHFS FGGFDU PO JDF TIFFU BSFB DPNQBSFE XJUI WPMVNF 5IJT JT
CFDBVTF JODSFBTFE QSFDJQJUBUJPO JO UIF BTZODISPOPVT TJNVMBUJPOT
QSPEVDFT B UIJDLFS JDF TIFFU JOUFSJPS UIBU DBODFMT TPNF PG UIF
JODSFBTFE SFUSFBU BU UIF JDF TIFFU NBSHJO
$ISCUSSION
8F TJNVMBUF MBSHFTDBMF WBSJBCJMJUZ PG UIF FBSMZ UP NJEEMF.JPDFOF
"OUBSDUJD JDF TIFFU PG ದNTM 6TJOH UIF PVUQVU GSPN BO JTPUPQF
FOBCMFE ($. BOE JDF TIFFU NPEFM PVS TJNVMBUFE ˡ0TX TJHOBM
JT ದ ಽ 5IF MBSHFTU ˡ0 TIJGU EVSJOH UIF .JPDFOF XBT
UIF  s ಽ JODSFBTF BDSPTT UIF NJEEMF .JPDFOF DMJNBUF
USBOTJUJPO >> 5IJT FWFOU XBT BMTP BTTPDJBUFE XJUI B EFFQTFB
DPPMJOH PG  s ə$ MFBWJOH BO JDF WPMVNF TJHOBM PG ˡ0TX sಽ>> 5IJTNBHOJUVEF PG WBSJBCJMJUZ JT DPOTJTUFOU XJUI PVS
NPEFMFE FTUJNBUFT
8F IBWF QSFTFOUFE UXP EJGGFSFOU TDFOBSJPT GPS "OUBSDUJD JDF
TIFFU WBSJBCJMJUZ EVSJOH UIF .JPDFOF 0OF TDFOBSJP JT ESJWFO
CZ MBSHFTDBMF SFUSFBU JOUP &BTU "OUBSDUJD TVCHMBDJBM CBTJOT UIF
TFDPOE IBT MJNJUFE SFUSFBU PG UIF &BTU "OUBSDUJD JDF TIFFU XJUI
WBSJBCJMJUZ B SFTVMU PG UIF FYQBOTJPO PG B MBSHF UFSSFTUSJBM 8FTU
"OUBSDUJD JDF TIFFU "T CPUI PG UIFTF TDFOBSJPT TBUJTGZ JOEJSFDU
DPOTUSBJOUT PO JDF WPMVNF WBSJBCJMJUZ EVSJOH UIF .JPDFOF JOEJ
DBUFE CZ UIF QSPYZ SFDPSE >    > XF OFYU GPDVT PO EJSFDU
FWJEFODF GPS DIBOHFT JO JDF FYUFOU BT TFFO JO UIF "/%" SFDPSE
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	DPNQBOJPO QBQFS
 UP BUUFNQU UP EFUFSNJOF XIJDI TDFOBSJP JT UIF
NPSF MJLFMZ %BUB BSF BWBJMBCMF GSPN PUIFS TFDUPST PG "OUBSDUJDB
JOEJDBUJOH DIBOHFT JO JDF TIFFU FYUFOU EVSJOH UIF .JPDFOF TVDI
BT UIF -BNCFSU (MBDJFS SFHJPO >> BOE UIPTF FNFSHJOH GSPN
B SFDFOU *OUFHSBUFE 0DFBO %SJMMJOH 1SPHSBN FYQFEJUJPO UP8JMLFT
-BOE )PXFWFS IFSF XF GPDVT PO UIF 3PTT 4FB TFDUPS CFDBVTF
UIJT JT BO BSFB UIBU JT TJHOJGJDBOUMZ EJGGFSFOU CFUXFFO PVS UXP
NPEFMFE TDFOBSJPT 'VUVSF XPSL XJMM GPDVT PO PUIFS TFDUPST PG
"OUBSDUJDB
5IF EJTDPOGPSNJUJFT JEFOUJGJFE CZ BOBMZTJT PG UIF "/%"
ESJMM DPSF JO UIF DPNQBOJPO QBQFS JOEJDBUF UIBU UIFSF XFSF JO
UFSWBMT EVSJOH UIF .JPDFOF XJUI HSPVOEFE JDF JO UIF .D.VSEP
4PVOE SFHJPO PG UIF 3PTT 4FB 	&OWJSPONFOUBM .PUJG *
 0OMZ
4DFOBSJP # IBT HSPVOEFE JDF JO UIJT SFHJPO CFDBVTF PG UIF TIBM
MPXFS UPQPHSBQIZ JO UIF 3PTT 4FB SFHJPO DPNQBSFE XJUI NPEFSO
5IJT SFRVJSFNFOU GPS HSPVOEFE JDF BU UIF TJUF PG "/%" NBZ
JOEJDBUF BU MFBTU GPS UIF 3PTT 4FB SFHJPO UIBU 4DFOBSJP # JT NPSF
BQQSPQSJBUF 0VS TJNVMBUJPOT TVQQPSU UIF JOUFSQSFUBUJPO GSPN
"/%" UIBU UIJT HMBDJBUJPO JT B SFTVMU PG BO FYQBOEFE DPOUJOFOUBM
JDF TIFFU SBUIFS UIBO CFJOH B SFTVMU PG MPDBM PVUMFU HMBDJFST GSPN
UIF 5SBOTBOUBSDUJD .PVOUBJOT " HSPVOEFE 8FTU "OUBSDUJD JDF
TIFFU FYUFOEJOH POUP UIF DPOUJOFOUBM TIFMG JT BMTP DPOTJTUFOU XJUI
TFJTNJD EBUB GSPN UIF 3PTT 4FB >>
5IF USBOTJUJPOBM FOWJSPONFOUBM NPUJGT JOUFSQSFUFE UP SFQSF
TFOU QFSJPET XJUI JDF TIFMWFT 	.PUJG **
 PS PQFOXBUFS DPOEJUJPOT
XJUI NBUFSJBM EFMJWFSFE CZ JDFSBGUJOH 	.PUJG ***
 PDDVS JO PVS
TJNVMBUJPOT EVSJOH UIF USBOTJUJPO GSPN B DPMEFS UP XBSNFS DMJNBUF
5IF GJOBM FOWJSPONFOUBM NPUJG VOEFS UIF XBSNFTU DMJNBUF DPO
GJHVSBUJPO BTTVNFT PQFOXBUFS DPOEJUJPOT JO UIF 3PTT 4FB BOE
JDFGSFF MBOE QSPYJNBM UP UIF DPSF TJUF 	.PUJG *7
 3FHBSEMFTT PG
UIF DIPJDF PG CFESPDL UPQPHSBQIZ TDFOBSJP CPUI PG PVS XBSNFS
DMJNBUF DPOEJUJPOT XJUI BUNPTQIFSJD $0 PG  QQN BOE B
XBSN BVTUSBM BTUSPOPNJDBM DPOGJHVSBUJPO TBUJTGZ UIFTF DPOEJUJPOT
4JNVMBUFE TFB TVSGBDF UFNQFSBUVSFT GPS UIFTF XBSNFS DMJNBUF
TJNVMBUJPOT BSF DPOTJTUFOU XJUI QSPYZ SFDPSET >> UIF IJHI
$0 TJNVMBUJPOT QSPEVDF UFNQFSBUVSFT UIBU BSF HSFBUFS UIBO
JOEJDBUFE CZ UIF QSPYZ SFDPSET 	5BCMF 
 5IF PVUQVU GSPN UIF
#*0.& WFHFUBUJPO NPEFM FNCFEEFE XJUIJO UIF ($. BHSFFT
XJUI HFPMPHJDBM FWJEFODF PG 5VOESB WFHFUBUJPO JO QSPYJNBM BSFBT
PG FYQPTFE JDFGSFF MBOE >>
&WFO BU IJHI BUNPTQIFSJD $0 	 QQN
 XF EP OPU TJN
VMBUF DPNQMFUF DPMMBQTF PG UIF &BTU "OUBSDUJD JDF TIFFU XJUI
UIF TNBMMFTU JDF TIFFU TJNVMBUFE IBWJOH B WPMVNF PG   LN
	 NTM
 #FDBVTF UIJT IJHI SBEJBUJWF GPSDJOH FYQFSJNFOU VTFT
IJHIFS HSFFOIPVTF HBT DPODFOUSBUJPOT UIBO SFRVJSFE GPS "OUBSDUJD
HMBDJBUJPO 	VTJOH UIF TBNF DMJNBUF NPEFM
 >> JU JOEJDBUFT UIBU B
IZTUFSFTJT EPFT TUJMM BQQMZ UP BU MFBTU QBSU PG UIF"OUBSDUJD JDF TIFFU
*U JT UIFSFGPSF MJLFMZ UIBU DPNQMFUF EFHMBDJBUJPO PG UIF "OUBSDUJD
JDF TIFFU XPVME OPU PDDVS VOUJM BUNPTQIFSJD $0 IBT SFBDIFE UIF
UISFTIPME TVHHFTUFE CZ FBSMJFS TUVEJFT 	ಧ QQN
 >>
5IJT TVQQPSUT UIF JEFB UIBU UIFSF XBT B DPSF PG TUBCMF JDF PO
"OUBSDUJDB UISPVHIPVU UIF XBSN JOUFSWBMT PG UIF FBSMZ UP NJEEMF
.JPDFOF >>
#ONCLUSIONS
5IF BTZODISPOPVTMZ DPVQMFE DMJNBUFJDF TIFFU TJNVMBUJPOT QSF
TFOUFE IFSF TBUJTGZ UIF NBHOJUVEF PG .JPDFOF JDF TIFFU WBSJBCJMJUZ
SFRVJSFE CZ PYZHFO JTPUPQF BOE TFB MFWFM SFDPSET 5IJT NBHOJUVEF
PG WBSJBCJMJUZ JT BDIJFWFE CZ B DPNCJOBUJPO PG OFX JDF TIFFU JOTUB
CJMJUZ NFDIBOJTNT BO BTZODISPOPVT ($.3$. DMJNBUF GPSDJOH
BOE BDDPVOUJOH GPS DIBOHFT JO UIF NFBO ˡ0 PG UIF JDF TIFFU
5IJT MBSHFMZ SFTPMWFT UIF EJTDSFQBODZ CFUXFFO HFPMPHJDBM SFDPSET
BOE JDF TIFFU NPEFMT UIBU IBE QSFWJPVTMZ FYJTUFE 5XP EJGGFSFOU
TDFOBSJPT BSF QSFTFOUFE EVF UP EJGGFSFODFT JO UIF CFESPDL UPQPH
SBQIZ CPUI PG XIJDI TBUJTGZ UIFTF JOEJSFDU DPOTUSBJOUT "EEJUJPOBM
EBUB GSPN PUIFS QBSUT PG UIF "OUBSDUJD BSF SFRVJSFE UP EFUFSNJOF
XIJDI PG UIFTF UXP TDFOBSJPT JT NPSF MJLFMZ JO BEEJUJPO UP B
EFUBJMFE TZOUIFTJT PG FYJTUJOH BOE FNFSHJOH EBUB " SFRVJSFNFOU
GPS HSPVOEFE JDF JO UIF 3PTT 4FB EVSJOH UIF NJEEMF .JPDFOF JT
POMZ TBUJTGJFE CZ 4DFOBSJP # XIJDI TVHHFTUT UIBU UIF 3PTT 4FB
DPOUJOFOUBM TIFMG NBZ IBWF CFFO TIBMMPXFS EVSJOH UIF .JPDFOF
5IF SFTVMUT BMTP TVQQPSU UIF HFPMPHJDBM JOGFSFODFT PG UIF "/%
" SFDPSE JOEJDBUJOH UIBU UIF TFEJNFOUPMPHJDBM DIBOHFT BU UIF ESJMM
TJUF SFDPSE MBSHFTDBMF TIJGUT JO UIF JDF TIFFU NBSHJO BOE OPU KVTU
DIBOHFT JO MPDBM PVUMFU HMBDJFST 5IF EJGGFSFOU TDFOBSJPT QSFTFOUFE
IFSF IBWF JNQMJDBUJPOT GPS UIF TVJUBCJMJUZ PG UIF .JPDFOF BT BO
BOBMPH GPS GVUVSF "OUBSDUJD JDF TIFFU EZOBNJDT >> *G BO FOMBSHFE
BOE EZOBNJD8FTU "OUBSDUJD JDF TIFFU PO CFESPDL CBUIZNFUSJDBMMZ
IJHIFS UIBO UPEBZ ESPWF .JPDFOF JDF WPMVNF WBSJBCJMJUZ JU JT B
TZTUFN UIBU NBZ IBWF MFTT SFMFWBODF UP UIF GVUVSF "MUFSOBUJWFMZ
JG SFUSFBU XBT DFOUFSFE PO UIF TVCHMBDJBM CBTJOT PG UIF &BTU
"OUBSDUJD UIF &BTU "OUBSDUJD JDF TIFFU DPVME IBWF DPOUSJCVUFE
T PG NFUSFT JO TFB MFWFM FRVJWBMFODF XJUI BUNPTQIFSJD $0
DPODFOUSBUJPOT TJNJMBS UP UIBU XIJDI BSF QSPKFDUFE JO UIF DPNJOH
EFDBEFT
-ATERIALS AND -ETHODS
4HE ICE SHEET MODEL USED IS A HYBRID SHALLOW ICE  SHALLOW SHELF APPROXIMATION
MODEL WITH A PARAMETERIZATION FOR ICE mOW ACROSS THE GROUNDING LINE BASED
ON >= 2ECENT DEVELOPMENTS IN THE ICE SHEETMODEL INCLUDE NEWMECHANISMS
FOR ICE SHELF HYDROFRACTURE BECAUSE OF MELTWATER AND PRECIPITATION DRAINING
INTO SURFACE CREVASSES !N ADDITIONAL MECHANISM IS INCLUDED FOR THE BREAKUP
OF LARGE ICE CLIFFS THAT CAN FORM IN WARMER CLIMATE SIMULATIONS FOLLOWING THE
REMOVAL OF ICE SHELVES &AILURE OCCURS WHEN ICE CLIFFS ARE SUFlCIENTLY LARGE
ฏ M	 WHICH OCCURS IN SUBGLACIAL BASINS WITH WATER DEPTHS OF AT LEAST
ฏ M >= 7E PERFORM TESTS WITHOUT THESE NEW MECHANISMS IN 3UPPORTING
)NFORMATION 3IMULATIONS WERE PERFORMED USING A RESOLUTION OF    KM
4HE ICE SHEET MODEL IS FULLY DOCUMENTED IN >= AND >= AND ALL PARAMETERS
ARE AS IN >= UNLESS OTHERWISE STATED
%XPERIMENTS ARE PERFORMED ON TWO DIFFERENT BEDROCK TOPOGRAPHIES IN
THEMAIN PAPER &OR 3CENARIO ! THEMODERN "EDMAP TOPOGRAPHY IS USED >=
&OR 3CENARIO " AN APPROXIMATEMIDDLE-IOCENE -A	 !NTARCTIC TOPOGRAPHY
WAS CREATED BY SCALING BETWEEN AN %OCENE/LIGOCENE  -A	 TOPOGRAPHY
>= AND AN ICEFREE ISOSTATICALLY REBOUNDED VERSION OF THE MODERN "EDMAP
TOPOGRAPHY >= 4HIS ASSUMES CONSTANT LANDSCAPE EVOLUTION THROUGH TIME
WE EXPLORE ICE SHEET MODEL SENSITIVITY TO A VARIETY OF OTHER TOPOGRAPHIES IN
THE 3UPPORTING )NFORMATION
4HE CLIMATE FORCING FOR THE ICE SHEET MODEL IS PROVIDED BY AN ASYN
CHRONOUSLY COUPLED '#-2#- 4HE '#- '%.%3)3 V >=	 USES A MIDDLE
-IOCENE  -A	 PALEOGEOGRAPHY >= WITH MODIlCATIONS TO THE !NTARCTIC
TOPOGRAPHY AS A RESULT OF THE ASYNCHRONOUS COUPLING 4HE '#- USES THE
")/-% VEGETATION MODEL WITH CHANGES IN VEGETATION USED TO UPDATE THE
SURFACE TYPE IN THE 2#- 4HE '#- IS OXYGEN ISOTOPE ENABLED 7E lRST
PERFORM A COOL CLIMATE SIMULATION WITH ATMOSPHERIC #/ OF  PPM AND
A COOL AUSTRAL ASTRONOMICAL CONlGURATION *ANUARY INSOLATION AT ə3  
7M	 4HESE METEOROLOGICAL BOUNDARY CONDITIONS HOURLY SAVES	 ARE THEN
USED BY THE 2#- 2EG#- >=	 WHICH HAS A RESOLUTION OF    KM 4HE
2#- IS NOT ISOTOPE ENABLED SO WE USE THE ˡ/ OF PRECIPITATION FROM THE
'#- ! UNIFORM CORRECTION  ಽ	 IS APPLIED TO THE ˡ/ OF PRECIPITATION
BECAUSE OF A HEAVY BIAS WHEN COMPARED WITH MODERN ESTIMATES >= 4HE
CLIMATE OUTPUT FROM THE 2#- TEMPERATURE AND PRECIPITATION	 IS USED TO FORCE
THE ICE SHEET MODEL ! CORRECTION OF ə# IS APPLIED TO 2#- TEMPERATURES
BECAUSE OF A COOL BIAS IN CONTROL SIMULATIONS WHEN COMPARED WITH MODERN
TEMPERATURES !S DETAILED SIMULATION OF SUBICESHELF WARMING ON THESE
TIMESCALES IS NOT CURRENTLY FEASIBLE SUBSURFACE OCEAN TEMPERATURES ARE FROM
A HIGHRESOLUTIONMODERN DATASET 4HE ICE SHEET IS ALLOWED TO EQUILIBRATEWITH
THE COLD CLIMATE FORCING STARTING FROM EITHER A MODERN ICE SHEET 3CENARIO !	
OR ICEFREE CONDITIONS FOR 3CENARIO " WHICH TAKES  KYRS
.EXT AN INSTANTANEOUS WARMING EXPERIMENT IS PERFORMED 4HIS USES THE
EQUILIBRATED ICE SHEETS FROM THE COLDER CLIMATE SIMULATIONS AS BOUNDARY AND
INITIALCONDITIONS !TMOSPHERIC #/ IS INCREASED TO EITHER  OR  PPM AND
AWARM AUSTRAL SUMMER ASTRONOMICAL CONlGURATION IS SPECIlED *ANUARY INSO
LATION AT ə3  7M	 "ECAUSE OF THE SIGNIlCANT COMPUTATIONAL EXPENSE
OF THE ASYNCHRONOUS '#-2#- CLIMATE FORCING IT IS NOT CURRENTLY FEASIBLE TO
PERFORM SIMULATIONS WITH A TRANSIENT ASTRONOMICAL FORCING &OLLOWING EARLIER
WORK >= FOR WARMER CLIMATE '#- SIMULATIONS THE OCEAN HEAT mUX IN
THE SOUTHERN OCEAN IS INCREASED TO MAINTAIN ICEFREE CONDITIONS FOLLOWING
THE COLLAPSE OF THE 7EST !NTARCTIC ICE SHEET 4HIS INCREASED HEAT mUX DOES
NOT DRIVE ICE SHEET COLLAPSE AND SENSITIVITY TESTS WITHOUT THE INCREASED HEAT
mUX YIELD SIMILAR RESULTS SEE 3UPPORTING )NFORMATION	 ! UNIFORM SUBSURFACE
OCEAN WARMING OF  ə# IS ADDED TO THE MODERN DATASET #OUPLING BETWEEN
THE '#-2#-)3- IS PERFORMED FOR THE lRST  ITERATIONS IE  KYR AND 
KYR INTO THE SIMULATION	 BECAUSE OF LARGE CHANGES IN THE LANDSEA MASK &OR
SUBSEQUENT ITERATIONS EVERY  KYR	 THE ICE SHEET MODEL IS COUPLED DIRECTLY
TO THE 2#- WITH THE '#- BOUNDARY CONDITIONS HELD CONSTANT 7E RERUN THE
'#- AT THE END OF THE SIMULATION TO OBTAIN ˡ/ OF PRECIPITATION FOR THE lNAL
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ICE SHEET CONlGURATION 4HE MEAN OXYGEN ISOTOPIC COMPOSITION OF THE ICE
SHEET IS CONVERTED TO A MEAN SEAWATER OXYGEN ISOTOPE VALUE FOLLOWING >=
!LL SEA LEVEL EQUIVALENT VALUES IN THE MANUSCRIPT ARE FOR ICE ABOVE mOATATION
ACCOUNTING FOR THE INlLLING WITH SEAWATER OF OCEAN BASINS BELOW SEA LEVEL
ONCE ICE HAS RETREATED THESE VALUES SHOULD BE USED FOR COMPARISON WITH
EUSTATIC SEA LEVEL RECORDS 4HESE VALUES ARE NOT USED FOR CALCULATIONS OF ˡ/SW
BECAUSE THIS INlLLING EFFECT IS NOT RELEVANT TO THE TOTAL ICE VOLUME RECORDED
BY ˡ/SW IE ICE BOTH ABOVE AND BELOW mOATATION	
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